The present work investigates the corrosion resistance of Ni and Ni2Al3 coated austenitic stainless steel (TP347H) tubes, which were exposed in a biomass-fired boiler with an outlet steam temperature of 540ºC for 6757 h. The Ni2Al3 coating was produced by electroplating Ni followed by low temperature pack cementation.
Introduction
The fireside environment in biomass boilers is more corrosive than in coal-fired boilers since hot-section components within biomass boilers are surrounded by corrosive species such as reactive alkali salts (NaCl and KCl), HCl and SO2 [1] . To avoid excessive corrosion rates, the outlet steam temperature in biomass plants has to be limited to 540 ºC [2] . However, if a corrosion resistant coating could be applied, this would allow an increase in steam temperature resulting in comparable efficiencies to coal firing.
In recent years, there have been promising achievements for corrosion resistant coatings in simulated biomass combustion environments. Hussain et al. [3] evaluated the performance of a thermal sprayed FeCrAl coating in simulated coal-biomass co-fired combustion gases at 700, 750 and 800 ºC for 1000 h. They reported that the FeCrAl coating provided good protection to the steel substrate at 700 ºC but suffered from aggressive corrosion damage at 750 and 800 ºC. It must be noted that coal-biomass cofiring results in conversion of KCl to potassium aluminium silicates and/or potassium sulphate in the combustion zone, and therefore the corrosiveness of the environment is reduced [4] . Vokal et al. [5] investigated the corrosion performance of Fe2Al5, (Fe,Ni)Al and Ni2Al3 aluminide coatings in air with KCl/K2SO4 deposits at 650 o C for 300 h. The results showed that the Fe2Al5 coating was largely unaffected, while the other two coatings were significantly corroded. They attributed the intergranular corrosion of the two coatings to chromium enrichment along the grain boundary. Kiamehr et al. [6] investigated the performance of two pack aluminised iron-based coatings (Fe1-xAl and Fe2Al5) and one nickel based coating (Ni2Al3) at 600 ºC for 168 h in static lab air with a KCl deposit. It was reported that Ni2Al3 showed no sign of attack, however, Fe1-xAl showed local attack and Fe2Al5 suffered heavily from selective aluminium removal. After testing for 168 hours at 560˚C in an atmosphere simulating flue gas from a straw-firing plant (6 vol. % O2, 12 vol. % CO2, 400 ppmv HCl, 60 ppmv SO2, balance N2 on dry basis; the dry gas being led through a heated humidifier resulting in a final H2O content of 13.4 vol. %) localised aluminium depletion was found for an Ni2Al3 diffusion coating [7] .
The present investigation evaluates the corrosion performance of Ni, Ni2Al3/Ni coated and uncoated reference tube sections welded into the superheater of a biomass combustion boiler and exposed for 6757 h. Testing in the actual boiler environment allows evaluation of parameters that are difficult to simulate simultaneously in the laboratory such as thermal cycling, thermal stability, corrosive environment, flue gas dynamics and temperature, heat fluxes and deposition formation. The evaluation of plant exposed coatings gives invaluable input as to the actual degradation mechanisms, and the information can be used to modify the coatings to avoid specific failure mechanisms as well as to design future laboratory experiments to replicate the relevant failure mechanisms.
Experimental procedure

Coating preparation
The austenitic stainless steel TP347H (Fe-18Cr-12Ni-2Mn-0.07C-<1.2(Nb+Ta)-<0.75Si wt. %) was used as substrate material. Tube sections (Outer diameter (OD) 32 mm, inner diameter (ID) 19 mm, length of 200 mm) were cut from a TP347H tube and were coated with a) electrolytical Ni b) Ni2Al3 coating. The Ni coating was electroplated using a Watts nickel-plating solution. The plating was performed at 45 o C with a current density of 6 A/dm 2 for 100 minutes. The Ni plated tubes were heat-treated (650 ºC + 1 h, Ar+H2) to strengthen the bonding between the steel and the nickel layer. The Ni2Al3 coating was prepared by a two-step process where nickel was first electroplated as previously described followed by low temperature pack aluminising. For aluminising, the Ni coated tube sections were then embedded in pre-mixed pack powders (10 wt. % Al + 8 wt. % AlCl3 + 82 wt. % Al2O3), which were put into a cylindrical metal crucible and inserted into a tube furnace with argon flow. The furnace was heated to 650 ºC with a heating rate of 18 ºC/min, and held for 6 h. Afterwards, the samples were cooled inside the furnace by switching off the power while maintaining the argon flow.
After processing, the Ni and Ni2Al3 coated tube sections were cleaned with ethanol.
To make the tube sections ready for welding, the coatings were removed by machining a 2 cm wide area from both ends of the Ni and Ni2Al3 coated tube sections. The coated Ni, Ni2Al3 and uncoated reference tubes are shown in Figure 1 . Sakskøbing with an outlet steam temperature of 540ºC and were exposed for 6757 h before removal for investigations.
Sample preparation and characterization
The exposed tubes after removal from the power plant are shown in Figure 2 . Prior to removal of the tubes, the superheater had to be cleaned and this resulted in removal of deposit and some of the surface corrosion products. The Ni2Al3 coated tube was covered with a thick layer of corrosion product together with deposit in most areas. Some of the corrosion product and deposit was scraped off the tube and prepared for analysis. Lesser amounts of deposit were present for the Ni coated tube and uncoated tube. 
Results
Ni and Ni2Al3 coatings before exposure
The Ni and Ni2Al3 coatings were uniform with smooth interfaces and surfaces ( Figure   3 ). The Ni-Al coating consisted of an outer Ni2Al3 layer (thickness variation between 50 and 70 µm) and an inner Ni layer (100 µm) and was adherent to the steel. The 
Ni and Ni2Al3 coatings and reference tube after exposure
Metal loss thickness was measured around the circumference of the tubes. The thickness varied greatly as shown in Table 1 , and this can depend on the varying initial thickness of the tube (wall thickness 5.6 mm and production tolerances ±10%) but also the positioning of the tube with respect to flue gas direction. It was therefore decided to focus on the morphology of attack to gain increased understanding on the breakdown of the coating. The morphology of uncoated, Ni coated and Ni2Al3 coated tubes after exposure are described in the following sections. 
Microscopy analysis of uncoated tube
Different corrosion morphologies were evident on the exposed uncoated tube. In some areas, an oxide layer was present with limited underlying grain boundary attack ( Figure   4 ), while deep grain boundary attack was observed in other areas ( Figure 5 ). The corrosion product consisted of an outer oxide, an inner selective corrosion area and grain boundary attack. The oxide located in the outermost corrosion product was rich in iron, and the oxide below was rich in chromium. There was selective corrosion attack beneath the oxide, and chromium depletion was detected together with nickel enrichment (EDX results in Figure 4 ). Enrichment of chlorine was identified close to the corrosion front in the selective corrosion area. The indications of silicon enrichment close to the selective corrosion area were probably due to use of SiC papers in the grinding process. 
Microscopy analysis of Ni coated tube
The morphology of corrosion products and chemical element distribution are given in Figure 6 . The pure Ni layer was no longer present on the Ni coated tube after exposure.
A voluminous corrosion product was formed at the outermost surface. The corrosion products were rich in iron and nickel in the outer part and rich in chromium in the inner part. Clear enrichment of chlorine was observed close to the underlying metal. and therefore no spallation of corrosion products during handling. Figure 8 . SEM/BSE image of corrosion morphology and element distribution on the Ni2Al3 coated tube after boiler exposure at a location where the Ni layer was present. In the SEM image, location of EDX measurements was reported in Table 2 .
SEM-EDS analysis shows that the external oxides are rich in nickel only ( At other locations, where the nickel layer was still present, a large part of the original nickel layer remained with a thickness of about 70 µm (Figure 9a ). In some areas, a thick zone of mixed corrosion products could be found above the nickel layer (Figure 9b ).
SEM/EDX (Figure 9a and Table 3) Table 3 . Table 3 . Elemental composition of selected regions in Figure 9a and 9b. 
Microstructure and element distribution in the deposit for Ni2Al3 coated tubes
Within the deposit, remnants of the Ni2Al3 coating could be found, and their analysis can give further information as to how the attack progressed on the Ni2Al3 coated tubes.
The corrosion morphology and the distribution of chemical elements in the deposit are shown in Figure 10 . 
Discussion
Uncoated tube
The corrosion morphology on the uncoated TP347H tube was similar to previously published research results from both laboratory and field testing [8] [9] [10] . The corrosion product was composed of an outer iron-rich oxide closest to the flue gas environment and chromium-rich oxide below this. A region of selective corrosion was found beneath the oxides with grain boundary attack penetrating into the steel at the corrosion front. In biomass combustion, the corrosion mechanism due to the aggressive alkali chlorides has been extensively investigated [11] [12] [13] [14] [15] . The initiation of corrosion is based on breakdown of protective oxide due to reaction of KCl with the oxide [6] , and the propagation of corrosion is due to reaction with Cl species [16, 17] . However even in environments with high HCl content, increased corrosion is also observed [16, 17] which indicates that a protective oxide is vulnerable when other Cl species are present. The observed corrosion morphologies in this study can be explained by the widely used active oxidation mechanism [17] , after the initial breakdown of the protective oxide either by HCl or KCl attack. In the active oxidation mechanism, chlorine species penetrate the oxide layer and form metal chloride within the bulk metal. At high temperatures, the volatile metal chlorides sublime and diffuse outwards to form oxides where the partial pressure of oxygen is higher. The conversion of chromium chloride to oxides occurs at low partial pressures of oxygen, and therefore chromium rich oxides are found at the inner part of the oxide scale, while iron rich oxides are found in the outer part. The cyclic reaction continues with the chlorine released from the formation of oxides.
According to the element distribution in Figure 4 , potassium was not present at the corrosion front. Thus, Cl species must have been released, which could be due to reactions between KCl and metal oxides or sulphation of KCl. Clions could also be generated by reaction of HCl and oxygen [13] or via reaction 1. The released chlorine can then react with chromium, iron and nickel with preferential reaction with chromium due to its high affinity for chlorine. In this way, areas of selective attack with chromium depletion are formed.
Ni coated tube
The Ni coated tube shows similar corrosion morphology as the uncoated tube. The pure nickel layer is no longer present, indicating that the nickel layer was not protective during the biomass boiler exposure. In fact, the corrosion attack is more severe than on the uncoated tube, however it is not known how much corrosion product has spalled during removal of the tube from the plant. In laboratory investigations by Jonsson et al. [18] the corrosion rate of pure Ni was not affected by the addition of small amounts of KCl, which probably indicates that the increased complexity of the exposure environment plays a role in the failure of the Ni-plated tubes. Okoro et al. [16] investigated the corrosion performance of Ni-coated Esshete 1250 under more complex conditions mimicking biomass combustion with addition of sulphur. Under these conditions, Ni was attacked and a porous Ni-rich oxide was formed after exposure. Cl species as well as S rich precipitates were identified, which indicated both chlorination and sulphidation attack. It was speculated that mechanical failure of the Ni coating led to easy migration of sulphur to the coating/metal interface. In the present case, such mechanical failure of the layer could easily happen during start/stop procedures. Ansey [19] exposed tubes electroplated with nickel in waste incineration plants and suggested that the nickel layer recrystallised on heating to 560 ºC and therefore gave paths for intergranular attack of Ni. It is suggested that the nickel is also attacked and therefore itself is not a barrier against attack.
However, since no remnants of the Ni-layer were present, the exact mode of attack remains unclear, and after removal of the Ni layer the stainless steel tube was attacked. It must however be assumed that thermal cycling was not a main reasons of failure, since the Ni layer was still present in many areas on the Ni2Al3 coated specimen.
Ni2Al3 coated tube section
The corrosion morphology of the Ni2Al3 coated tube is different from the Ni coated tube in many places, which indicates that the Ni2Al3 coating did not spall immediately at the start of exposure. However, the nickel aluminide layer was no longer adherent to the tube and was only found within the deposit (Figure 10 Figure   8 with thick corrosion products, the underlying metal has only been slightly attacked.
Presence of Cl species at the corrosion front
After spallation of the coating, the nickel layer is attacked. Again, it is difficult to know whether the Ni was attacked whilst the Ni2Al3 coating was present but had become porous. One of the interesting features, which was only observed for the Ni2Al3 coated tubes, is that there is a strong indication of the presence of metal chlorides at the corrosion front ( Figure 9 ). This is observed both within the nickel layer and in the underlying alloy.
For the nickel layer, the nickel is first oxidised with the formation of NiO(s). Then Cl species may penetrate the nickel oxide scale into the metal as the oxide is a not a barrier against Cl diffusion. Underneath the oxide scale, the oxygen potential is low and virtually all of the Cl can be converted to NiCl2. In some places, the NiCl2 (g) will diffuse out and react with oxygen to form NiO(s) [20] . However, nickel chloride is not as easily oxidised and is not as volatile as chromium or iron chloride. Accordingly, nickel chloride is trapped in the metal in locations far from the corrosion surface (region 1 in Table 2 ), which indicates that nickel and chlorine rich corrosion products are more stable. It is thus suggested that nickel binds the aggressive chlorine and slows down the active oxidation mechanism. In this way, only slight attack occurs in the underlying metal. However, there is attack of the underlying metal, and again metal chlorides are trapped beneath the nickel layer and not oxidised (region 1 in Table 2 ). This strongly indicates that transport of the Cl species is more likely than transfer of oxygen species and evaporation of metal chlorides. This could indicate that in this case transfer of Cl is mainly via an electrochemical reaction proposed in [13] . Without the coating, the metal chlorides migrate to locations with higher partial pressures of oxygen and are oxidised by the incoming oxygen, but this mechanism is hampered by the Ni/Ni2Al3 layers.
Presence of sulphide within Ni layer
The nickel and sulphur rich layer indicates the formation of nickel sulphide (Ni3S2) on the outer surface and within the nickel layer (regions 5 and 6 in Table 3 ). The performance of nickel in sulphur containing atmospheres has been widely investigated [21] [22] [23] [24] [25] . In the temperature range between 480 o C and 620 o C, NiO is thermodynamically preferred over Ni3S2, even under oxidising SO2 atmospheres. However, when the gas atmosphere tends to more reducing conditions, the sulphur attack becomes more prevalent [21] . This leads to the formation of Ni3S2 by the reaction in equation 4 [26] .
+ 2 2 = 4 + 3 2 (2)
It is speculated that the formation of Ni2S3 is because of the presence of a corrosion product above the sulphide layer, as the partial pressure of oxygen must be low to form nickel sulphide. The corrosion product could have been lost during preparation, which is substantiated by the lack of KCl as was observed in Figure 8 . As shown in Figure 9 (b), there were also areas with thick corrosion products above the nickel layer. The formation of nickel sulphide (Ni3S2) could have detrimental effects on the material properties, possibly leading to crack formation. The cracks can then act as channels for both sulphur and chlorine species to diffuse to the underlying metal [19] . The chlorine can react with chromium, iron and nickel to form metal chlorides. The chromium chloride can then migrate out to an area of higher oxygen partial pressure and convert to chromium oxide.
Conclusions
1. Ni coatings do not provide protection in straw firing biomass plants at 540 o C.
The Ni coated tube shows similar corrosion morphology as the uncoated tube and the pure nickel layer is no longer present after exposure.
2. Some protection is observed for Ni2Al3 coatings as Ni2Al3 coatings do not spall in the initial exposure. However, the nickel aluminide layer is no longer adherent to the tube and is only found within the deposit. Spallation of the nickel aluminide layer is probably due to the formation of porosities.
3. The presence of a Ni2Al3 coating hinders evaporation of metal chlorides from the corrosion front, but does not prevent Cl species to diffuse to the corrosion front.
Although KCl may break down the oxide, this highlights that it is Cl that propagates the corrosion reaction and is present at the corrosion front.
4. The formation of trapped nickel chloride hampers the corrosion process by binding the aggressive chlorine.
